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Abstract

Recent events such as Winter Storm [Hurricane] Sandy and Hurricane Katrina have
demonstrated that local food supplies must last as long as possible. Current
recommendations are to dispose of all refrigerated food four hours after the power is lost.
The purpose of this study was to determine if it is possible to safely hold food longer than
four hours without power. The results indicate that the food can be held for up to six hours
if the door is not opened. If ice is added to the refrigerator, then it will take the food
approximately 10 hours to reach 5°C (41°F).
Keywords: refrigerated foods, danger zone, food safety
Introduction
Perhaps nothing reminds us of how vulnerable our food supply is as much as when
disaster strikes. On October 29th, 2012 Hurricane Sandy hit New Jersey and much of the
East Coast of the United States. Its effects were felt in 17 states, knocking out electrical
power to more than 8 million homes and causing an estimated $25 billion in damages
(Webley, 2012). Residents in New York and New Jersey were without power for weeks. On
August 29th, 2005 Hurricane Katrina hit New Orleans, causing more than $81 billion in
damages (Knabb, Rhome, & Brown, 2005). The residents who remained in the city stranded
by flood waters were without food, water, or shelter (NOAA-NCDC, 2005). It does not
take a disaster of the magnitude of Sandy or Katrina to disrupt an area’s food supply. On
August 14, 2003 residents of the northeastern U.S. and parts of Canada experienced a
blackout when problems occurred with the power grid. In all, ten million Canadians and 45
million Americans were affected by the blackout. It took utility crews more than 48 hours to
fully restore power to parts of New York and Toronto (Kile et al., 2005).
In each of these situations, large numbers of people were without electricity for
days, sometimes weeks, on end. In these circumstances, it is not always possible for the
government, whether federal, state, or local, to immediately ‘come to the rescue’ of all its
citizens. Nor is it reasonable to expect that it should. Residents of any given area should be
aware of what potential disasters could befall them, and prepare accordingly. For most, this
means keeping a supply of water and food adequate to sustain them for several days or
longer. This is, however, becoming increasingly difficult to do as we become more
dependent on refrigeration (and its need for electricity) as a means for storing and preserving
food.
Owners of foodservice operations face unique challenges during disasters.
Foodservice operations typically store significant quantities of perishable food in their
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refrigerators, which could become a large financial loss if immediate steps are not taken to
protect it. Additionally, restaurateurs could potentially use their food as a source of disaster
mitigation, provided that they can be sure that the food has been kept safe. When the power
goes out without a back-up power source, the food has been effectively removed from
temperature control. In accordance with the U. S. Food and Drug Administration (FDA)
(2009) Food Code, food removed from temperature control can only be held for four hours.
An exception to this rule would be if the food’s temperature was below 5°C (41°F) when the
power went out and the temperature never exceeded 21°C (70°F), then it can be held for no
more than 6 hours. Neither time constraint will be of much help in the disasters described
above. It is very important that temperatures below 5°C (41°F) for cold food storage be
maintained as long as possible to provide safe food for those trapped by the disaster until
help arrives. The first step to doing this is to understand the holding characteristics of
refrigerators. This study looks at a commercial two-door reach-in refrigerator. The goal is
to define its holding characteristics and develop guidelines for extending its ability to hold
food below 5°C (41°F) for the longest time possible.
Literature review
The first step to safely holding cold food during a disaster is to understanding the
need to keep food safe; in other words, what are we trying to protect it from? The short
answer is microorganisms, in particular bacteria. Bacteria reproduce through binary fission,
or cell division. The rate of reproduction depends in part on the ambient temperature, and
at optimum temperatures most will reproduce every twenty minutes, although some can be
as quickly as eight minutes (ICMSF 1996). This means that a single bacterial cell dividing
every twenty minutes will produce over 4,000 cells in a four hour period, and over a billion
after ten hours. It is therefore crucial to maintain temperatures that do not promote
bacterial growth. Many of the most common bacteria of concern during a disaster are
mesophiles (NRAEF, 2008). While mesophiles prefer a range from 30°C (86°F) to 45°C
(113°F), they can grow in temperatures as low as 5°C (41°F) (FDA, 2001). The top seven
most commonly identified pathogenic bacteria caused 99.7 percent of all reported foodborne
outbreak in 2007 for which the causative agent was confirmed (CDC, 2010). The top seven
pathogenic bacteria, in order, were: Salmonella ssp., Clostridium perfringens, Escherichia coli,
Campylobacter ssp., Shigella ssp., Staphylococcus aureus, and Bacillus cereus. The minimum growth
temperature for this group of bacteria is 5°C (41°F) (FDA, 2001). For example, Salmonella
spp does not grow at all at temperatures below 42°F (NRAEF, 2008); however, like most
bacteria they do not die at low temperatures, rather they remain preserved and viable for
long periods of time (USDA-FSIS, 2008), meaning that when the temperature becomes
favorable they will resume the reproduction process. For this reason, the FDA (2009)
recommends that food that has been removed from temperature control be disposed of after
4 hours. Therefore, the best way to protect people from foodborne illnesses related to those
bacteria would be to maintain the food at temperatures below 5°C (41°F).
Properly functioning commercial refrigerators will maintain the proper temperature
provided they have electrical power. In most disasters, electricity is not available unless
provided by a backup generator. By surveying past disaster victims, Gerald (2005)
determined that in Louisiana, hurricanes, which are the most common natural disaster
affecting healthcare facilities, generally cause electrical power and natural gas services to be
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lost. Once power is lost, food temperatures in refrigerators will start to rise. There are many
factors that will affect how fast the temperature rises. To better understand of how heat
enters the refrigerator and how it affects the temperature of the food, a brief discussion of
the principles of heat transfer and the thermodynamic properties of foods is warranted.
The basic premise of heat transfer is that there is a driving force and a resistance. If
the driving force exceeds the resistance, heat will be transferred. The equation that is used
to describe overall heat transfer is Q=AΔT/R (Geankoplis, 1983), where Q is the amount of
heat being transferred, R is the resistance to the flow of heat through the refrigerator walls,
A is the surface area of the refrigerator, and ΔT is the difference between the outside
temperature and the temperature inside the refrigerator. The temperature difference is the
driving force. The larger the temperature difference, the greater the rate of heat transfer and
the greater the rate of temperature increase for the food within. While R is technically the
term representing the resistance to heat flow, the area through which the heat is moving also
affects the rate of heat transfer. Because of this, the surface area of the refrigerator (A) and
the resistance to the flow of heat (R) can could be combined into a single term A/R that is
effectively the resistance to heat transfer for the refrigerator. The larger the R-value of the
refrigerator the greater the resistance to the flow of heat through its wall, the longer it takes
for heat to enter the refrigerator and raise the temperature of the food. The R-value is
primarily dependent on the type of insulation used and how thick it is. The standard perinch R-values for refrigerators with a conventional steel outer shell, as accepted by the EPA,
are as follows (Griffith & Arasteh, 1995): CFC blown foam, R-9.03; evacuated foam
composite, R-11.14; gas-filled foam composite, R-9.71; evacuated-powder polymer barrier,
R-18.80; and gas-filled polymer barrier, R-13.50. It is clear from these numbers that the
vacuum designs (evacuated and gas-filled) provide for a superior R-value. However, the
drawback of using these is that in the unlikely event of a puncture, the R-value drops to 3 or
below.
The thickness of the wall and the surface area of the refrigerator also impact the rate
of heat transfer. The thicker the wall the greater the resistance to heat flow. For example, if
the wall thickness is doubled then the resistance to heat transfer will also be doubled, and the
rate of the temperature increase of the contents of the refrigerator will be cut in half. The
impact of the surface area can be equally as important. Since the shape of most commercial
refrigerators is roughly the same, it is the ratio of the surface area to the volume within that
is important. As the size of the refrigerator increases, then the area to volume decreases, as
does the relative rate of heat transfer. For example, a one foot square cube has a surface
area of six square feet and a volume of one cubic foot. If the size of the cube was increased
so that each side measured two feet, then it would have a surface area of 24 square feet and a
volume of eight cubic feet. The resulting ratio of surface area to volume would drop from
6:1 to 3:1. For that reason larger refrigerators are generally more efficient than smaller ones.
While the R-value for the materials that makes up the walls of the refrigerator are
well documented, that is but one of the components of the overall R-value for the
refrigerator. The overall R-value for the refrigerator is impacted by the seal around the
door(s) and the resistance to heat transfer related to convection between the air and the walls
of the refrigerator. Both terms present problems when trying to calculate the overall R-value
for the refrigerator theoretically. The convection component is particularly difficult to
theoretically estimate. Typically, ranges for convection coefficients found in many
engineering handbooks can be quite wide, with the high end being two or more times as
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large as the low end (Geankoplis, 1983). For that reason, the rate of heat entering a
refrigerator is best estimated experimentally.
The rate of heat entering the refrigerator is only one of the factors that impacts the
rate food temperatures will increase; the other is the food itself. As heat enters an object
such as food in a refrigerator, the rate of temperature increase of that food depends on the
heat capacity of the food and the mass of food. The rate of change in temperature of the
food can be defined by the following equation: Q = CpM(Tt +Δt – Tt) (Geankoplis, 1983).
Just as with the heat transfer equation, Q is the amount of heat moving into the food. The
heat moving into all the food in the refrigerator is approximately equal to the amount of heat
entering the refrigerator. The heat capacity of the food is represented by Cp. The higher the
heat capacity of the food, the more energy (heat) it will take to raise its temperature. Foods
are typically compared using specific heat rather than heat capacity. Specific heat refers to
the ratio of the heat capacity of a substance to that of water; since it takes one calorie to raise
one gram of water one degree Celsius, confusing the two terms does not lead to numerical
errors (Harper, 1976). For most food materials, the specific heat of the non-water portion is
approximately 0.5. As water is generally the major constituent, little error is caused by using
the constant value of 0.5 (Harper, 1976). Examples of the specific heat of foods include:
nuts (specific heat 0.28), beef and pork sausage (0.56), beef flank (0.56), and chicken (hens,
0.65) (Singh & Heldman, 2001). M in the previous equation is the mass of the food in the
refrigerator; the greater the mass contained in the refrigerator the longer it will take the
temperature to rise. When CpM are combined you have the thermal mass of the food in the
refrigerator. The final set of terms, (Tt +Δt – Tt) represents the actual increase in the
temperature of the food after a set time (Δt).
With a basic understanding of the theory behind why the temperature of food in a
refrigerator rises when the power goes out, it is possible to look at ways to delay the
temperature rise of the food in the refrigerator. The first thing to look at would be slowing
the rate of heat entering the refrigerator. Based on the heat transfer equation, this could be
done one of two ways: increase the resistance to heat flow or decrease the driving force.
Wrapping the refrigerator with insulating material would increase the resistance, but since
most insulation is porous this could create some serious sanitation issues. Decreasing the
temperature difference could be accomplished by reducing the temperature of the air in the
room containing the refrigerator. Since a loss of power will affect the operator’s ability to
keep the kitchen cool, this approach also has problems. For this study, the focus for
delaying the temperature increase was instead placed on the thermal mass of the food in the
refrigerator. The goal of this study was to develop some guidelines for reducing the rate of
temperature increase of the food in a refrigerator during a disaster by adjusting the thermal
mass. The thermal mass was adjusted either by increasing the amount of food in the
refrigerator or adding ice.
Methodology
This experiment was designed to determine how long after a loss of electrical power
it takes for food to enter the ‘temperature danger zone’ (above 5°C, 41°F). Specifically it
looked at how the mass of food contained within and the addition of a known amount of ice
affects the time it takes for the food to enter the danger zone. For this study, water was
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used to simulate food. Water was chosen for several reasons: it is cost effective,
homogeneous, and its physical and thermal properties are well documented.
The time necessary for food to reach the temperature danger zone could vary by
location of the food within the refrigerator. Food located on higher shelves could reach
warmer temperatures sooner (warm air rises), and food further away from the door (in back)
could remain colder longer (Laguerre et al., 2007). In addition to front-to-back, the distance
from the side wall may also impact the rate of temperature rise. Therefore, shelf and
location information was collected. The temperature difference between the food and the
room is the driving force behind heat transfer, and therefore both temperatures were
recorded. The amount of food contained within the refrigerator affects the thermal mass
and was also recorded. For example, less energy (heat) is needed to raise the temperature of
one cup of water by one degree than is needed to raise the temperature of one gallon of
water by one degree. Finally, the starting temperature of the food was recorded for each
trial.
Two variables were controllable as to their effect and were the treatments applied to
this experiment. The two controllable variables were load level and the addition of ice.
Load had three levels: full, 36 (12 per shelf) one-gallon milk jugs with filled with water for a
total weight of 132 kg; two-thirds full, 24 (8 per shelf) one-gallon milk jugs with filled with
water for a total weight of 88 kg; and one-third full, 12 (4 per shelf) one-gallon milk jugs
with filled with water for a total weight of 44 kg. The addition of ice had two levels (ice
added or ice not added). When ice was added, it was added in form of 14 (7 each on the top
and middle shelves) half-gallon milk jugs each filled with 1.55 kg of ice for a total weight of
21.7 kg. To complete a full-factorial design, six iterations of the experiment were necessary.
The location of the water and ice jugs is shown in Figure 1. For the two-thirds full
trials, Jugs 5 – 8 were removed from each shelf. For the one-third full trials, Jugs 2, 4, 5 – 8,
9, and 11 were removed from each shelf. When ice was added the placement was the same
for all three loads of water.
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Figure 1. Placement water and ice containers. The water containers are shown as numbered
circles and the ice containers are shown as diamonds.
To measure the water temperatures, three Picolog TC-08 digital thermal recording
devices with k-type PTFE-insulated probes with PTFE coated tips were used. A total of 20
probes were used to measure the water temperature. To measure the air temperature, three
general purpose air probes were connected to one of the TC-08 meters. The water probes
were attached to the outside surface of the water containers, at the midpoint vertically and
horizontally on the side of the containers. Probes were connected to all the jugs in the front
and back rows (Jugs 1-4 and 9-12) on the top and bottom shelves and Jugs 1, 3, 10, and 12
on the middle shelf. One air probe was placed outside the refrigerator to measure the room
temperature and the other two were placed inside. One was placed in the center of the
refrigerator even with the top shelf, and the second was placed in the center of the
refrigerator even with the middle shelf. To estimate the rate of heat transfer into the
refrigerator, it is important to know the temperature of all jugs in the refrigerator. Because
of the number of probes available, it was not possible to measure the temperature of all jugs
in the refrigerator for the full load trial. The temperatures of the jugs without probes were
estimated based on the temperature of the other jugs on the same shelf.
The refrigeration unit used for this experiment is similar to many used in the
foodservice industry. The refrigerator is a seven-foot (84.5 inch exterior height) two-door
reach-in with three shelves and an interior capacity of 49 cubic feet. Made by McCall (model
4-4045), the unit’s cabinet body, doors, and evaporator coil housings are insulated with
pressure-injected (blown) polyurethane foam.
For all tests, the appropriate numbers of water jugs were place in the refrigerator
and allowed to sit for 24 hour with the refrigerator running to equilibrate the jug
temperatures. The test started with the unplugging of the refrigerator and continued for 24
hours with temperatures being recorded each minute for all probes. For the trials with no
ice added the doors were not opened during the entire testing period. For the trials with ice
added, the doors were opened one hour after the refrigerator was unplugged to add the ice;
the doors were not opened again for the remainder of the trial.
Data were analyzed using backward stepwise regression and the seven independent
variables were analyzed for the full model. They were Shelf (top, middle, or bottom),
IceNoIce (whether or not ice was added), Load (132 kg, 88kg, or 44 kg), Row (whether the
container was in the front or back row), Side (whether the container was next to one of the
side walls or not), TempOut (the ambient room temperature), and StartTemp (the starting
surface temperature of the water container). All variables were analyzed as categorical
variables with the exception of the starting temperature of the containers, load, and the
dependent variable; the number of minutes to reach five degrees Celsius (41°F).
To determine the best set of predictors (load, shelf, position front-to-back, position
side-to-side, ambient room temperature, and starting temperature of the water) of the time it
takes for food to reach 5°C (41°F), backward stepwise regression was used to analyze the
data. The regression analysis was performed using SPSS version 16.0.
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Results and Discussion
The average temperatures of the different trials are show in Figure 2. The figure
clearly shows the impact of the load and the addition of ice. The spike in temperature at the
one hour mark for the trials where ice was added was due to opening the door to add the ice.
Because the sensors were attached to the outside of the containers, they showed an increase
in temperature greater than that experienced by the product as a whole. Both increasing the
volume of food and adding ice effectively increase the thermal mass of the contents of the
refrigerator. As expected, as the thermal mass increases the rate of temperature rise
decreases. Another factor that is clearly evident is the inherent harmonics of the sensing
instruments.
Recorded temperatures fluctuated, making an accurate assessment of jug
temperature difficult. As the noise recorded (generally about 0.25°C) was within the range
of accuracy of the recording devices (1°C), it was decided that the data would be smoothed.
The recording harmonic fluctuations cycled approximately every 40 minutes, the smoothing
of the data was accomplished by using a moving average; each data point was re-coded as
the mean temperature readings from the 20 minutes prior to the point through those 20
minutes after the point. The resulting data was considerably more linear, allowing for a
more accurate assessment of temperatures and at what point 5°C (41°F) was reached. If the
fluctuations still occurred at the 5°C (41°F) mark after smoothing the data (crossing 5°C,
fluctuating lower, then crossing above the temperature a second time), the second data point
was selected as the minute that the temperature was reached, because from that point on the
temperature stayed at or above 5°C.

Water Temperature
(Degrees Celsius)

16
14
12
10
8
6
4
2
0
-800
200

Full No Ice
2/3 No Ice
1/3 No Ice

1200

Full Add
Ice

2/3 Add
Time After Power Loss
Ice
(Minutes)

Figure 2. Water Container Temperatures After Loss of Power with No Addition of Ice
Versus With Addition of Ice at Minute 60
Backward stepwise regression was run to determine the best explanatory model for
this experiment. The dependent variable was the amount of time (in minutes) it took for the
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water containers to reach 5°C (41°F). The independent variables were the seven variables
described previously. As the outside room temperature and the starting temperature of the
containers are both scales, they were treated statistically as continuous variables. The mass
of the water contained within the refrigerator was entered in kilograms, and was treated as a
continuous variable. The addition of ice, the shelf, positioning front or back, and position in
proximity to side walls were all treated as categorical variables. The addition of ice and both
positioning variables only had two levels each. Shelf had three levels, and was therefore
modified by the creation of two dummy variables (number of levels minus one) during the
statistical analyses to account for all three levels.
The results from the backward stepwise regression returned five models. The
ANOVA table of the final, reduced model shows that the independent variables reliably
predict the dependent variable (F=170.419, Sig.=0.000). The variables in the final model
were top shelf (Shelf 3), the middle shelf (Shelf 2), addition of ice (Ice), and the starting
temperature (StartTemp). The model was: time to 5°C (41°F) = 802.675 - 127.473(shelf3) +
80.127(shelf2) + 359.151(IceNoIce) - 184.109(Starttemp). As was expected by preliminary
examinations of the data, the position side-to-side and front-to-back on a shelf did not
impact temperature change when the door was closed. Two variables were mysteriously
missing from the model: the room temperature and the amount of food in the refrigerator.
Theoretically both variables should have been significant.
The reason why volume of food was not significant was that its effect was masked
by the addition of the ice. The thermal mass of the ice was great enough to negate any
impact from the varying levels of food in the refrigerator. When the load (amount of water)
was regressed against time to 5°C (41°F) in the absence of the other variables it was
significant. The same was true when it was run without the ice variable. This demonstrates
the importance of adding ice to a refrigerator once the power goes out no matter how much
food it contains.
The effect of the room temperature may also have been masked by conditions of
the study. The temperature of the room was controlled and did not vary by more than 3°C
(5°F). Additionally, the trials with the one-third loads had the lowest room temperatures.
This means that the driving force (temperature difference between the room and the inside
of the refrigerator) was smaller for those trials than for the other trials. This could have
served to lessen the effect of both the room air temperature and the amount of food inside
the refrigerator.
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Conclusion and Implications
It is clear from Figure 2 that for the conditions tested as part of this study that
disposing of all food in the refrigerator after fours may not be warranted. Even for the trials
with no ice the temperature did not reach 21°C (70°F). Based on FDA (2009) rules for
holding food, the food was safe to serve for up to 6 hours. The trials where ice was added
maintained temperatures below 5°C (41°F) for approximately 10 hours. Combine this with
the previous 6 hour FDA rule, and this could mean at least one, possibly two, additional
meal periods could be served from the food before it needs to be discarded.
While not specifically tested as part of this study, it appears that the rate of heat
absorbed by the ice changed over time resulting in an increase in the temperature of the
food. Twenty-four hours after the power to the refrigerator was turned off there was still ice
left in the refrigerator. Clearly, the ice lost its cooling power and needed replacing before it
had all melted. It would appear that if the ice is replaced every 4 hours then the temperature
would remain below 5°C (41°F) indefinitely. This leads to an important question: Where
will the restaurant operator find ice in the middle of a disaster? The answer may be closer
than one would think: the walk-in freezer. If there is enough warning the walk-in could be
filled with containers of water that will freeze and provide the source of ice for some time.
If there is no warning then other things in the freezer could serve basically the same function
as ice. Frozen meat and vegetables could be placed in the refrigerator and serve much the
same function as ice. As those items thaw, they can be removed, cooked, and served to the
victims of the disaster.
It appears that with proper management it is possible to maintain safe food much
longer than the recommended four hours (FDA, 2009). This is important to restaurateurs as
they could potentially prevent significant financial losses. Additionally, knowing that their
food was safe to serve, they could assist in mitigating the disaster by helping to feed the
victims, especially if cannot leave the area and fresh supplies cannot be brought in for several
days, as was seen in the aftermath of Hurricane Katrina.
To confirm the findings and develop more uniform parameters more studies in this
area are needed; in particular, to overcome some of the limitations of this study. It is
important to note that this experiment was conducted using one specific refrigerator. The
unit was in good working order, and the door seals were in good repair. The results of this
study can only apply to refrigerators that identically match the one used for this study, with
similar environmental conditions. Limitations of this study included only using one type of
refrigerator, having a relatively steady room temperature, and only using ice as the cooling
medium. Future studies need to look at other types of refrigerators and environmental
conditions. It is unlikely that the temperature of the room housing the refrigerator will
remain constant during a power outage. In addition, future studies should look at adding
different amounts of ice and at varying intervals. The behavior of other cooling medium
such as frozen food and dry ice also needs evaluated. Finally, for this study the door
remained closed for the entire time. The impact of opening the door to remove food for
serving needs to be evaluated.
Finally, it needs to be emphasized that the point of this study was not to disprove or
contradict FDA recommendations for maintaining food safety. Rather the goal was to
augment existing information, and determine means for protecting food as long as possible.
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The results of this study determined measures to extend the safe life of food using the FDA
criteria for safety.
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